Thin-sectioned, negatively stained, and freeze-etched preparations of Nitrosocystis oceanus cytomembranes were compared. The cytomembranes in freeze-etched cells were covered with 80-to 120-A particles. When cells were disrupted and differentially centrifuged, various membrane and particle fractions were obtained.
showed 70-to 80-A stalked particles, whereas those from the pellet centrifuged at 39,000 X g exhibited a crystalline array of subunits with a 30-to 40-A periodicity. High-speed supernatant and pellet fractions centrifuged at greater than 39,000 x g contained 40-to 120-A free particles but no membranes. In chemically fixed cells, 40-A particles were found embedded in the matrix of membranes. Results suggest that the larger 80-to 120-A particles are enzyme complexes, whereas the smaller 30-to 40-A particles represent a structural protein or a lipoprotein of the membrane.
The aim of the present investigation was to study in detail the cell wall and the cytomembranes of the marine chemoautotrophic bacterium Nitrosocystis oceanus by use of conventional electron microscopic techniques and by use of the recently developed freeze-etching technique (25) .
The cell wall of N. oceanus (29, 30, 40) is more complex than those of most other gram-negative bacteria. It was felt that additional information could be obtained about the fine structure of this unique cell wall by use of the freeze-etching technique, and part of the present communication deals with the structure of the cell wall.
The remainder of this report concerns the cytomembranes of the same bacterium. Preliminary studies on other autotrophic bacteria show that some, like the iron-oxidizing bacteria (35) and the sulfur-oxidizing bacteria (23) , possess relatively simple membrane systems. In contrast, the nitrifying bacteria (30) contain complex cytomembrane systems. In this group of organisms, morphological diversity of the fine structure was found among organisms which were physiologicaUly similar if not identical. For example, the organisms which belong to the genus Nitrosomonas and Nitrosocystis depend upon ammonia and carbon dioxide as sole sources of energy and carbon; yet the cytomembranes in these two groups of organisms are arranged entirely differently. In Nitrosomonas europaea (30) , the membranes are peripheral; this arrangement resembles that of the membranes found in some of the photosynthetic bacteria (8) and in the blue-green algae (17) . In contrast, the membranes in N. oceanus are centrally located, and the arrangement of these membranes in an organelle closely resembles the arrangement of membranes in a chloroplast of higher plants (12) .
The membranes of the chloroplasts and the mitochondria of higher plants and animals have received considerable study in recent years, and a large body of knowledge has accumulated concerning their structure and function. In comparison, we know relatively little about the fine structure and function of microbial membranes and even less about the similarities and dissimilarities in structure and function between microbial membranes and membranes of higher plants and animals. Since N. oceanus has such a complex and extensive membrane system, this organism was chosen as an experimental tool to initiate such a study. The present communication deals chiefly with the particles associated with the cytomembranes of this organism.
MATERIALS AND METHODS
Culture, harvesting, and cell fractionation procedures. N. oceanus was cultured from the open ocean (40) and maintained at the Woods Hole Oceano-CYTOMEMBRANES OF N. OCEANUS were grown in continuous culture in a 14-liter pHstat fermentor (40) and were harvested in the early phase of logarithmic growth by means of a refrigerated continuous flow centrifuge (Sorvall). After harvesting, the cells were washed five times with filtered seawater and were then ruptured at 16,000 psi by means of a French pressure cell (American Instrument Co., Inc., Silver Spring, Md.). The resulting fraction was centrifuged in a refrigerated centrifuge (Sorvall) at 3,000 X g to remove whole cells, and the supernatant fraction was centrifuged at 39,000 X g. This latter supernatant fraction was then centrifuged at 144,000 X g (Spinco model L) for 1 hr, and the resulting supernatant fluid was centrifuged at 144,000 X g for 6 hr. All centrifugation was done at 5 C.
These procedures are outlined in Fig. 1 .
Cytochrome studies. Absorption spectra of fractions 6 through 11 were measured at room temperature with a Cary model 14 recording spectrophotometer. A difference spectrum was run on each fraction by adding a few crystals of dithionite to the sample cuvette. This technique has been used frequently by other investigators (33) .
Electron microscopy. For thin sections, cells from fraction 1 were prefixed in 0.01% OSO4 in sea water for one-half hr and were then fixed with osmium (30) or glutaraldehyde-acrolein-Os04 following the method of Hess (18) . Osmium-fixed cells were embedded in Epon 812 whereas the glutaraldehyde-acrolein-Os04 fixed cells were embedded in a Epon-Araldite mixture (18) . All sections were cut with glass knives on an LKB Ultratome, picked up on Formvar-coated copper grids, and poststained for various periods of time with lead citrate (36) .
For freeze-etching studies, cells from fraction 1 were centrifuged to a pellet in seawater. A concentrated drop was then placed on a 3-mm copper disc, previously scratched to insure better adherence, and was rapidly frozen in Freon 22 and liquid nitrogen. The object was then transferred to the Balzers apparatus (model BA 360 M; Balzers AG, Balzers, Principality of Liechtenstein), where it was frozen-etched and replicated as described by Moor (24) . After this procedure, the object was removed, warmed to room temperature, and dipped in distilled water, and the replica was floated off. The replica was then treated in 70% sulfuric acid, distilled water, Eau de Javelle (a commercial bleaching agent containing 14% sodium hypochlorite in sodium hydroxide), and was finally washed in distilled water. The replica was then picked up on a Formvar-coated grid and allowed to dry.
For negative-stained preparations, a drop of dilute suspension of material was placed on a freshly prepared Formvar-coated grid and was allowed to remain for approximately 1 Scientia plates (Gevaert Photo-Producten N.V., Mortsel, Antwerp, Belgium) at a magnification of 20,000.
RESULTS
Cytochromes. The oxidized minus reduced spectrum of fractions 6 through 11 is presented in Fig. 2 . Cytochrome c, with maximal absorbance at 425, 522, and 552 mm, was nearly equally distributed among the above fractions. The majority of cytochrome oxidase, with maximal absorbance at 446 and 605 mA, was found in fractions 7 and 8 with lesser amounts in the other fractions. In addition to the above identifiable absorption peaks, another peak occurred at 465 m,; the compound responsible for this peak remains unidentified.
Fine structure. The general fine structure of chemically fixed cells of N. oceanus has already been described (30) . Figure 3 shows the typical appearance of these cells. The cell wall is multilayered and consists of an outer dense layer and an inner triplet structure. Often, "cell-wall organelles" can be seen lying between the outer dense layer and the triplet structure of the wall. The plasma membrane (approximately 80 A thick) appears as a unit structure and generally conforms to the "unit-membrane" of Robertson (37) . The most striking feature of the cell is the cytomembranous organelle which traverses the cell and consists of a stack of oriented triplet membranes. The triplet structure is represented by two Fig. 6 and 7. Generally, the outer surfaces of the wall layers are relatively smooth with the exception that the outer wall may be slightly ribbed (Fig. 7) . The wall appears to be made up of three separate layers, each having a thickness of approximately 100 A ( Fig. 6 and 7) . Because of the fracturing process used in freezeetching, the inner surface of the outermost wall can be seen in Fig. 8 , and it appears to have a definite substructure which is made up of small (100-A) units. The three layers of the wall can also be seen in cross section of frozen-etched cells (Fig. 13 ).
Both the outer ( Fig. 7 ) and the inner (Fig. 8 surfaces of the plasma membrane are seen, and both surfaces are covered with relatively small (ca. 120 A) particles. The particulate nature of the frozen-etched plasma membrane is not confined to N. oceanus, but has been shown in other bacteria as well (34, 35) .
Fine structure in disrupted cells and in cell-free fractions. The fine structure of the cytomembranes is seen more clearly when disrupted and partially disrupted cells are examined. When chemically fixed ( Fig. 12 ) and frozen-etched ( Fig. 13 ) disrupted cells from fraction 4 are examined, the cytomembranes are no longer found as a stack of membranes; instead, they have parted from each other, and the unit membrane structure of each "thylakoid" is seen ( Fig. 12 and 13 ). Examination of these disrupted cells reveals that the cytomembranes, or collection of "thylakoids," have some sort of "holdfast" at one pole of the cell. When examined at higher magnifications, a definite structure is seen holding the cytomembranes together (Fig. 11) . Comparative measurements of frozen-etched membranes (ca. 160 A) and chemically fixed membranes (ca. 85 A) suggest that some shrinking of the cytomembranes occurs during chemical fixation and dehydration. Occasionally, distinct particles, about 80 A in diameter, can be seen lying alongside the cytomembranes (arrows) in frozen-etched preparations (Fig. 13 ). If these particles are found on the surface of the cytomembranes, as in the case of the plasma membrane, then surface views of the cytomembranes should confirm it. When surface views of these stacked membranes in whole cells are examined, the presence of particles is indeed verified (Fig. 14 and 15 ). The particles appear to vary from 80 to 120 A in diameter, and, in addition, fibrillar or rod-like structures are occasionally seen (Fig. 15) . In general, the structure of the cytomembranes is similar to that of the plasma membranes.
Fine structure observed in cell-free fractions.
Only the residues (fractions 4, 6, 8, and 10) were examined. Cell wall and membrane fragments were present in fractions 4 and 6 but absent in 8 and 10. In the residue centrifuged at 3,000 x g (fraction 4), membranes are frequently observed showing an array of stalked particles, approximately 80 A in diameter, along their periphery (Fig. 16 ). In the same fraction, unattached particles approximately 120 A in diameter are numerous and always present in the background (Fig. 16 ). In the residue centrifuged at 39,000 X g (fraction 6), membrane fragments are observed which exhibit a crystalline pattern of subunits with a periodicity of 40 A (Fig. 17 and 19 ). These particles are similar in size to those found in cytomembranes fixed with glutaraldehydeacrolein-OsO4. The micrographs of both the highspeed residues (fractions 8 and 10) reveal particles ( Fig. 20 ) which have a diameter of 100 to 120 A and which are similar to those found in the low-speed residues. These particles appear to consist of four to six smaller units which surround a central electron-dense core.
DISCUSSION
The use of the freeze-etching technique to study the fine structure of N. oceanus lessens the possibility of artifacts and eliminates artifacts resulting from chemical fixation. Previous experience showed that, although similar images were obtained by both methods, there was a possibility that chemical fixation and dehydration caused structural changes in the membranes (26, 35) . Moor (24) showed that cells not damaged by the cutting during the freeze-etch procedure were still viable and would grow when placed in a suitable medium. This suggests that the image seen on the replica reflects the structure of the living cell. Finally, freeze-etching offers the advantage of being able to study the surfaces of membranes in addition to the more common cross-sectional views.
The fine structure of the cell wall of N. oceanus, as examined with the freeze-etching technique, appears similar to that of another chemoautotrophic bacterium Ferrobacillusferrooxidans (35) . In certain instances, there appears to be an additional, or third, layer in the wall (W3 in Fig. 7 ), but this is rarely seen in frozen-etched whole cells. In disrupted cells, the wall appears very definitely as a three-layered structure (Fig. 12) . The substructure seen on the inner side of the outer layer of the wall (Fig. 8) is similar to that of the iron-oxidizing autotroph, as well as those of several other nitrifying bacteria (Remsen, unpublished observations). It is absent in the heterotrophic bacteria (34; Remsen, unpublished observations). This suggests that its presence is related tothe autotrophic nature of the bacterium. The plasma-membrane of N. oceanus is similar to that of other bacteria (34, 35) as well as that of yeasts (25) , fungal spores (M. M. A. Sassen, C. C. Remsen, and W. M. Hess, in press), and higher plants (4) . The only difference is that in yeasts and filamentous fungi the plasma membrane often has numerous invaginations. The particles present on the membrane surface may be, as suggested by Miuhlethaler et al. (26) , multienzyme complexes, some of which may be involved in the synthesis of cell-wall material (25, 38) . The frozen-etched image of the plasma membrane compared to the "unit-membrane" concept has been previously discussed (26) .
Of particular interest is the fine structure of the cytomembranes. Of the chemoautotrophic bacteria studied, only the nitrifying bacteria have complex membrane systems of cytomembranes (30) . The iron-oxidizing (35) and the sulfuroxidizing (23) autotrophs have a structure similar to that of gram-negative heterotrophic bacteria, such as Escherichia coli (9) . N. oceanus obtains its energy by the oxidation of ammonia to nitrite, and it has been suggested that such a system is membrane-linked (28, 30) . Recent studies have shown that ammonia in cell-free extracts was oxidized only in the presence of intact membranes (Watson, unpublished data) .
These studies have shown that the cytomembranes of N. oceanus like other biological membranes are composed of repeating subunits. The repeating subunits of membranes, originally seen on mitochondrial cristae by Fernandez-Moran (10), have been studied by several investigators (6, 10, 11, 1416, 31, 39) . It is becoming increasingly apparent that repeating subunits are not unique to the membranes of mitochondria, since subunits have been demonstrated in chloroplasts (5, 26, 27) , in bacterial membranes (1), and in a variety of other membrane systems (3). Thus, it is not surprising to find that the cytomembranes of N. oceanus are also composed of similar subunits.
The interpretation of the function of membrane subunits has undergone considerable revision since they were initially seen in 1962. FernandezMoran et al. (11) were the first to describe that each subunit was composed of a head piece, tail piece, and a base plate. Initially, these investigators postulated that the electron transport chain was located on the head piece, but this idea has been abandoned (15, 16) , and it now seems more likely that the components of the electron transport chain are located on the base plate.
Our studies are still too preliminary to permit us to draw any sophisticated conclusion concerning the structure and function of the structural subunits of the membranes of N. oceanus. We have made several observations, however, which merit comment and certainly additional investigation. For instance, the membranes in Fig. 16 differ morphologically from those seen in Fig. 17 and 19 . The membranes seen in Fig. 16 bear a striking resemblance to the mitochondrial cristae membranes studied by other investigators (11) . Certainly, the membranes seen in Fig. 17 and 19 are morphologically different from published electron micrographs of mitochondrial membranes and from the membranes seen in Fig.  16 . Possibly one may be the plasma membrane and the other the cytomembrane. If this were the case, one would expect to find one type more abundant than the other type, since the number of cytomembranes would be far greater than the number of plasma membranes; however, this was not the case. Since the membranes seen in Fig. 17 and 19 are less dense than those of Fig. 16 , it may be that during fractionation procedures a masking protein has been washed off the membranes, per- Fig. 9 showing the details of thte wall (iW) and the cytomembranes (CM). X 160,000. FiG. 13 . High magnification ofFig. 10 showing details of the wall (W) and cytomembranes (CM). Occasionally, particles can be seen lying alongside the cytomembranes (arrows). X 160,000. (Fig. 18) . Final interpretation of these observations must await additional investigation. The partial separation of some of the components of the electron transport chain is of interest. Cytochrome c was found in all the residues, thus suggesting that this cytochrome is associated with particles and that these particles occur in aggregates with different dimensions preventing a clearcut separation of this component in any one residue. The additional presence of cytochrome c in fraction 11 (6-hr supematant fluid centrifuged at 144,000 x g) also indicates that this cytochrome can be either completely soluble or that it is associated with a particle having a density so similar to that of the suspending medium that it cannot be separated from the medium by the centrifugal force used in these experiments.
Cytochrome oxidase (maximal absorption at 605 and 446 m,u) was concentrated primarily in fraction 8 and thus appears to be associated with particles or an aggregate of particles having a fairly uniform density. Since cytochrome c and cytochrome oxidase do not show the same fractionation pattern, it seems unlikely that both are associated with the same particulate fraction. This observation is not in disagreement with Green's (16) latest hypothesis that all components of the electron transport chain are not likely to be on the same base-plate particle.
The unknown compound which showed maximal absorbance at 465 mI,, originally described by Rees and Nason (33) in N. europaea, may be a component of the electron transport chain since this compound can be oxidized and reduced. Whatever its function, this compound is likely to be associated with a particle less dense than the particle containing cytochrome oxidase, since cytochrome oxidase is concentrated in fraction 8 and this compound, in fraction 10.
Since no purification procedures were attempted in this investigation, we have no proof that the compounds just mentioned are associated in vivo with the membranes of N. oceanus. However, it seems reasonable that the cytomembranes of N. oceanus are functionally and structurally analogous in many respects to mitochondrial membranes. There seems to be little question in the case of the mitochondrial membranes that the oxidation-reduction chain is membranelinked, and thus it seems highly likely that the cytomembranes of N. oceanus also have membrane-linked electron transport system.
The membrane-free fraction 8 and 10 contained particles of various sizes (Fig. 20) . Both residues appeared morphologically similar when negatively stained preparations were examined with the electron microscope. In both residues, the most prominent particle was one with a diameter of 120 A, and it was composed of an electron-dense center which was surrounded by 4 to 6 subunits.
The 80-A particles on the surface of membranes (Fig. 16 ) appeared morphologically similar to the elementary particles of mitochondria (10, 11, 15) .
No attempts was made to purify and to study the biochemical function of this specific particle although similar particles in mitochondria have been shown to contain adenosine triphosphatase (32) .
In our negatively stained membranes (Fig. 16) , particles appeared to be attached to the membranes by means of a stalk. This stalk was not visible when particles of similar dimension were found on membranes examined by means of the freeze-etch technique ( Fig. 13-15 ). This again raises, but does not settle, the question whether these stalks exist in vivo or are preparation artifacts.
N. oceanus promises to be an excellent tool for studying structure and function of membranes. The intact membranes "pop out" of the cells when cells are ruptured in the French pressure cell without physical or chemical pretreatment. When the cells rupture, some of the particles containing the electron transport system become detached from the membranes. Thus, it is much easier to obtain relatively pure membrane and particle fractions from N. oceanus than from mitochondria. Since the cells of N. oceanus are not subjected to the same harsh treatment given mitochondria, the likelihood that artifacts will be produced is lessened. 
REMSEN ET AL.
It is evident that all membrane systems involved in energy production have certain morphological features in common. However, a priori the membranes of bacteria must be less specialized than mitochondrial membranes. For example, Bachman et al. (2) have shown that the mitochondrial cristae membrane contains four components of the electron transport chain as well as enzymes such as adenosine triphosphatase. In contrast, according to the above workers, the outer membrane or envelope "contains the ancillary mitochondrial enzyme systems that implement citric acid cycle oxidation, fatty acid oxidation, fatty acid elongation, and substrate level phosphorylation." Since no comparable outer membranes exist in bacteria, it seems likely that all of the enzymes associated with the outer and inner mitochondrial membranes in higher organisms must occur together on bacterial membranes.
Most bacterial membranes have been shown to be continuous with the plasma membrane (8, 19, 20, 21) . Thus, it is not too difficult to imagine that cytomembranes of the nitrifying bacteria, as well as the membranes of the photosynthetic bacteria (7, 13) , are specialized structures arising from the plasma membrane. It becomes clear that the plasma membrane in bacteria is a general purpose organelle which modifies itself to fit the situation at hand. In one case, it forms membranous intrusions or mesosomes which assist, among other functions, in cellular divisions (22) . In other bacteria, it forms more complex membranes to assist in photosynthesis (7) or the oxidation of inorganic nitrogen compounds.
Although it seems likely that the cytomembranes of N. oceanus were historically derived from the plasma membranes, there is little evidence today justifying the assumption that they, like mesosomes, represent an infolding of the plasma membrane. Rather, this "membranous organelle" of N. oceanus appears to represent a degree of specialization not found in other bacteria. In most other bacteria, the cells apparently make the membranes on "demand," and these membranes cannot be considered to be permanent organelles. Because the cytomembranes of N. oceanus are always present and undergo binary fission at time of cellular division (Fig. 3) , we feel that this organelle represents a permanent fixture in the cells and is the only membrane system which can be considered as a permanent organelle in a bacterium.
In other bacteria, it is relatively easy to demonstrate the formation of specialized membrane systems from the plasma membrane or show a direct connection between specialized membranes and the plasma membrane. Although we have been studying this organism several years, we have seen only one instance where it appeared that possibly there was a direct connection between the cytomembranes and the plasma membrane (30) .
In view of the above evidence, it may be possible that the cytomembranes of N. oceanus represent an intermediate step on the evolutionary ladder between the relatively simple bacterial membranes and the more specialized membrane systems found in mitochondria and chloroplasts of higher organisms.
